Rationale Beyond the amelioration of deprivation-induced impairments, and in contrast to effects on attentional processes, the cognitive-enhancing properties of nicotine on working memory (WM) operations remain unclear. Objectives In an effort to elucidate potential enhancing effects, we explored the impact of transdermal nicotine on neural functioning in minimally deprived smokers and, in addition, assessed differences between smokers and non-smokers using a mixed block/event-related fMRI design that attempted to isolate specific central executive operations (attentional switch events) within general WM function (task blocks). Methods In task blocks, participants performed a continuous counting paradigm that required the simultaneous maintenance of, and frequent switching of attentional focus between, two running tallies in WM on some trials. Cigarette smokers (n=30) were scanned twice, once each with a nicotine and placebo patch, while non-smokers (n= 27) were scanned twice with no patch.
Introduction
To delineate the cognitive-enhancing properties of nicotine beyond withdrawal reversal, the extent to which nicotine affects cognition has been examined in minimally deprived (<3 h), non-deprived, and non-smokers. Investigation of potential enhancing properties has benefited from a reductionist approach attempting to identify elemental cognitive operations and associated neural substrates influenced by nicotinic mechanisms. Such an approach has identified attentional processes, specifically those related to sustained attention and visuospatial orienting, as the psychological constructs most robustly influenced by nicotine in humans (Hahn et al. 2007; Heishman et al. 2010; Lawrence et al. 2002; Newhouse et al. 2004) . In contrast, evidence of nicotine's ability to augment performance in other domains, particularly working memory (WM), has been less definitive. While nicotine administered to non-smokers has been reported to improve performance and alter functional activity in WM-related brain regions (Kumari et al. 2003) , the majority of studies have failed to detect nicotine effects when assessing ex- (Ernst et al. 2001a ), never- (Kleykamp et al. 2005) , or non-deprived smokers (Myers et al. 2008 ). This paucity of positive results with human participants does not parallel observations from rodent studies that have more consistently demonstrated nicotine-induced improvements in WM (Levin et al. 2006; Rezvani and Levin 2001) .
Interpretation of the human literature pertaining to nicotine-induced WM enhancement is challenging not only because of methodological differences across studies but also because the tasks employed often engage multiple cognitive processes. For example, the WM model of Baddeley and Hitch (1974) has been elaborated to include theoretical constructs such as a central executive, the phonological loop, the visuospatial sketchpad, and an episodic buffer (Baddeley 2000; 2003) . Within this model, the central executive is perhaps the most important component, but also the most poorly understood, and is responsible for the allocation of attentional resources as dictated by task demands. Commonly employed WM tasks, such as the n-back paradigm, are generally unable or not specifically designed to interrogate isolated WM constructs. As such, more reductionist methodologies attempting to fractionate WM operations according to Baddeley' s theoretical model may provide additional insight into the nature of nicotine's effects.
Interrogation of the central executive has proven challenging because separating specific, elemental executive functions from general WM operations is non-trivial. Here, in an attempt to isolate executive functions, we employed a concurrent counting task that required the simultaneous maintenance of, and frequent switching of attentional focus between, two running tallies residing in WM (Garavan 1998) . The switching of attention between counts in WM is regarded as one tractable function falling under the rubric of the central executive (Garavan et al. 2000) . Variations of this task have been used in parametric block-design fMRI studies in an attempt to isolate neural correlates of the central executive (Kübler et al. 2003 (Kübler et al. , 2005 Sylvester et al. 2003) . However, with block designs, it is not possible to disambiguate sustained activity associated with task performance from transient event-related attentional switch signals. Alternatively, mixed block/eventrelated designs (Chawla et al. 1999 ) allow for the decomposition of sustained and transient activity (Visscher et al. 2003) . As such, we employed a mixed-design paradigm to dissociate brain activity associated with general task-related (e.g., stimulus-attending, countupdating, sub-vocal rehearsal) from central executive operations (e.g., attentional switching).
In addition to the acute (state-like) effects of nicotine, a secondary interest of the current investigation was the impact of smoking history (trait-like effect) on neural correlates of WM. Independent of recency of tobacco use or nicotine administration, multiple studies have reported that WM performance is reduced in smoking, relative to non-smoking participants (Ernst et al. 2001b; Greenstein and Kassel 2009; Jacobsen et al. 2005 Jacobsen et al. , 2007 . These results suggest that traitlike differences in brain function may exist between smokers and non-smokers, which could reflect long-term consequences of smoking or etiological precursors leading to habitual nicotine use. It has been suggested that transient versus protracted exposure to nicotine differentially affects neural functioning (Mansvelder et al. 2006) . Thus, understanding the short-and long-term consequences of nicotine on precisely defined cognitive processes is important for guiding development of more effective smoking prevention and treatment strategies as well as therapeutic interventions for age-and disease-related cognitive impairment.
The current study assessed the impact of nicotine in minimally deprived smokers and potential differences between smokers and non-smokers in a WM paradigm that attempted to dissociate central executive processes from general task functions. We addressed three questions: (1) Can neural correlates of executive control functions be dissociated from general WM operations using a mixed block/event-related design?, (2) Does nicotine augment neural activity associated with executive control and/or general task operations?, and (3) What are the neural consequences associated with an extended smoking history?
Methods

Participants
Data from 30 smoking (16 female) and 27 non-smoking (16 female) participants were analyzed. Smokers were 19-49 years old (32.5 mean±1.6 SEM), nicotine dependent as determined by the Fagerström Test (Heatherton et al. 1991) (5.3±0.4), and reported smoking 22.4±1.2 cigarettes/day (range 14-45) for 15.7±1.6 years (range 3-35). The Wechsler Abbreviated Scale of Intelligence (Wechsler 1999 ) was used to assess smokers' IQ (108.7±2.0). Nonsmokers reported no nicotine use within the preceding 12 months, no history of daily smoking, and were matched for age [range 18-50, 28.3±1.7 ; t(55)=−1.8, p=0.08] and IQ [113.0±2.1; t(55)=1.5, p=0.15]. Participants reported no history of drug dependence (other than nicotine), neurological or psychiatric disorders, or claustrophobia. Recruitment from the general population was conducted through newspaper advertisements, flyers, and referrals. Before beginning the study, participants gave written informed consent to a protocol approved by the Institutional Review Board for the National Institute on Drug AbuseIntramural Research Program. Participants were remunerated for their participation.
Procedures
Participants completed three visits, an orientation and two scan visits. During the orientation visit, participants gave consent and completed task training on two cognitive tasks [only one, the Central Executive Functioning-EventRelated (CEFER) task is reported herein]. Instructions were initially explained on a bench computer, and one full session of each task was performed in a mock scanner. Participants also received training on computerized questionnaires that were completed during scanning to measure mood states and tobacco craving.
MRI scanning was performed during visits two and three, which were separated by a minimum of 2 days (11.9±1.9, range 2-63). Participants were instructed not to ingest alcohol or use psychoactive drugs or over-thecounter medications 24 h before visits and not to consume more than a half-cup of a caffeinated beverage within 12 h. Smokers' last cigarettes were smoked within 1 h before the visit, i.e., between ∼2.5-3 h pre-scan. Participants were tested for pregnancy if female, recent drug (Triage®; Biosite, San Diego, CA, USA) and alcohol use (AlcoSensor IV Breathalizer; Intoximeters, Inc., St. Louis, MO, USA), and for expired carbon monoxide (CO) levels (Vitalograph Breath CO monitor, Lenexa, KS, USA). Participants were excused from the study if testing positive for pregnancy or recent drug/alcohol use. A nicotine (21 mg/24 h; Nicoderm®; GlaxoSmithKline, Research Triangle Park, NC, USA) or placebo patch (obtained from GSK) was applied to the upper back of smokers ∼2 h before task performance. Patch order was single-blind and counterbalanced across participants. Non-smokers were scanned twice with no patch. The two MRI sessions, lasting ∼1.5-2 h each, began with the CEFER task which was followed by an anatomical scan and a second cognitive task (see supplementary information).
Mood states (Parrott et al. 1996) and tobacco cravings (Heishman et al. 2003) were assessed using self-report measures collected immediately before and after fMRI data collection while participants were positioned in the scanner (see supplementary information). Within 10 min of scan completion, a venous blood sample (5 ml) was drawn from smokers and assayed for nicotine levels (Shakleya and Huestis 2009) . Additional physiological measures collected from smoking participants included heart rate (HR) at prepatch and 30, 60, and 120 min post-patch time points.
Task
The CEFER task, a concurrent counting task implemented in a mixed fMRI paradigm, was designed to isolate one precisely defined function of the central executive, that is, attentional switching between items in verbal WM. On any given trial of the task, one of two counts was required to be updated depending on the nature of the stimuli presented, while across trials WM demands were held constant as both counts were required to be maintained in WM. The pertinent manipulation in the task was the order in which stimuli were presented, which dictated whether a switch between counts was required.
Participants were presented with serial sequences of large (L) and small (S) squares and instructed to keep running tallies pertaining to the number of each type shown. During the presentation sequence, the current square could either be the same as the previous (NON-SWITCH event) or different (SWITCH event). For example (Fig. 1) , an L square could be presented, followed by another L (L-L, NON-SWITCH), and then an S square (L-S, SWITCH). In ten, ∼30-s (26-34 s) counting blocks, squares were serially presented (13-17 squares/block) in M-sequences (Buracas and Boynton 2002) designed to produce optimally distributed switch events (i.e., L-S or S-L; five to nine switches/block). Squares were displayed for 1,900 ms and separated by a fixation point presented for 100 ms to clearly delineate successive presentations. At the end of each counting block, participants reported how many L and, subsequently, how many S squares had been displayed by selecting one of four potential answers. Answers for both L and S counts remained visible for 4 s each. Feedback for the two separate counts was then presented (2 s each). Counting blocks alternated with 30-s rest blocks. Two seconds before the end of each rest period, a "get ready" notice signaled the start of the next counting block. The task lasted ∼12.5 min and both began and ended with a rest period.
Image acquisition
Data were acquired with a 3-T Siemens Allegra scanner (Erlangen, Germany). Thirty-nine 4-mm-thick slices covering the whole brain were obtained in the sagittal plane using a gradient echo, echo-planar imaging sequence [repetition time (TR)=2,000 ms; echo time (TE)=27 ms; flip angle (FA)= 80°; 64 × 64 matrix; field of view= 220 mm] sensitive to T2*-weighted blood oxygenation level-dependent (BOLD) effects. In addition, whole-brain sagittal T1-weighted structural images (MPRAGE, 1 mm voxels; TR=2,500 ms; TE=4.38 ms; FA=8°) were acquired during each session for anatomical reference.
Image processing and analyses
Processing and analyses of fMRI data were performed using the AFNI software package (Cox 1996) . Functional data were motion corrected by rigid-body registration of each three-dimensional volume to a base volume and then aligned with the high-resolution anatomical images. The time series were normalized to percent signal change and subsequently analyzed by voxel-wise multiple regression using regressors convolved with a model hemodynamic response function and its first derivative. A general linear model was constructed that included the following regressors: (1) TASK (block), modeling counting blocks to capture sustained activity; (2) SWITCH (event-related), which modeled switch trials to capture transient activity; (3) response and feedback, to account for additional variance in the time series; and (4) six motion nuisance regressors to account for residual head movement. More specifically, the TASK regressor modeled sustained activity for the duration of the "task-on" intervals, encompassing both switch and non-switch trials, versus the "task-off" rest periods. The SWITCH regressor modeled transient activity for trials on which a switch occurred versus all other times, including task-on intervals (non-switch events) as well as rest. For each subject and session, the voxel-wise amplitude of signal change relative to baseline associated with the regressors (β value) was determined. The resulting β maps were re-sampled to a resolution of 3 mm 3 , normalized into standard space (Talairach and Tourneaux 1988) , and spatially blurred using a Gaussian filter with 3 mm full width at half maximum to a final blur of ∼7 mm.
Task and switch effect analyses Across all participants, separate second-level voxel-wise one-sample t tests (df=56) were performed to identify TASK-and SWITCH-related neural correlates. The β weights from the smokers' nicotine and placebo scans, as well as from the non-smokers' session 1 and 2 scans, were first averaged together. A voxel-wise threshold of p<0.00001 was applied to the t test activation maps which, combined with a minimum cluster size of 13 voxels (351 μl), maintained the overall probability of a false positive at α corrected <0.001 (AFNI program, AlphaSim). Such a stringent threshold was used because a large effect size, a relatively large sample size, and the two-session averaged β weights led to high statistical power.
Nicotine and session effect analyses To examine the effects of nicotine, paired-sample t tests were performed comparing smokers' (df=29) nicotine and placebo scans. Separate tests examined the impact of nicotine on the TASK and SWITCH effects. Two similar analyses were conducted for the non-smokers (df=26) comparing session 1 and 2 to identify practice effects. For all tests, a voxel-wise threshold of p<0.002 combined with a minimum cluster size of 31 voxels (837 μl) maintained the probability of a false positive at α corrected <0.01.
Smoker versus non-smoker effect analysis The impact of smoking history was assessed by comparing the sessionaveraged TASK and SWITCH effects between smokers and non-smokers. Two separate group-level linear-mixed effects models were constructed to analyze group differences (AFNI program, 3dLME) in this unbalanced design using the R statistical package (R-Development-Core-Team 2009). Linear mixed-effects models included factors for SESSION and GROUP and covariates for age, gender, and Participants kept running counts pertaining to the number of large (L) and small (S) squares presented and reported those tallies at the end of the counting blocks. During the presentation sequence, the current square could either be the same as (e.g., L-L; NON-SWITCH) or different than (e.g., L-S; SWITCH) the previous item. In the example given, the running tallies would be updated as follows: trial 1 (1 L, 0 S), trial 2 (2 L, 0 S), trial 3 (2 L, 1 S) …trial n. Feedback was subsequently presented. Counting blocks (∼30 s) were interspersed with resting blocks (30 s) reaction time. These analyses output voxel-wise F values and the GROUP effect of interest (smoker two-session average vs. non-smoker two-session average) was equivalent to performing a one-way ANOVA with two levels (df= 1,53). A voxel-wise threshold of p<0.002 combined with a minimum cluster size of 31 voxels maintained the probability of a false positive at α corrected <0.01. Activity from areas showing group differences was extracted as functional regions of interest (ROIs).
Behavioral analyses
Reaction times (RT) and accuracy rates associated with count reporting were averaged over L and S responses and compared across sessions using paired-sample t tests. These "gross" behavioral measures were collected at the end of the counting blocks and do not index trial-by-trial dynamics associated with attentional switching, but rather helped ensure that participants remained on task. Other than the correct/incorrect feedback following count reporting, there were no other manipulations to keep participants engaged in the task. However, overall accuracy rates (89±1%) were well above chance levels (25%) and all participants achieved accuracies greater than 65%, suggesting compliance with instructions and adequate performance. Given a priori expectations that nicotine/practice effects would improve performance, these data were tested for session differences using onetailed tests.
Results
Physiological measures
CO levels confirmed that smokers smoked their last cigarette within 1 h before each visit (nicotine=25.5± 1.8 ppm; placebo=25.0±1.9). As expected, the nicotine patch elevated HR (see supplementary material) and resulted in greater post-scan plasma concentrations [nicotine = 33.7 ± 2.1 ng/ml; placebo = 4.6 ± 1.0; t(29) = 12.6, p<0.001].
Self-report measures
Visual analog ratings collected from smoking participants before and after (TIME) the blinded nicotine and placebo scans (SESSION) indicated that drug administration was associated with alterations in mood states. Smokers reported feeling less tense [F(1,29)=5.8, p=0.02], irritated [F(1,29)= 4.6, p=0.04], and dissatisfied [F(1,29)=6.2, p=0.02] during the nicotine scan as indicated by TIME×SESSION interactions. Bonferroni-corrected post hoc tests indicated no nicotine versus placebo differences at pre-scan (ts<2.3, ps> 0.05), suggesting that participants were not in a withdrawn state immediately before the CEFER task. However, at postscan, under nicotine, smokers reported lower levels of tension [t(29)=−3.6, p=0.002], irritation [t(29)=−3.3, p= 0.004], and dissatisfaction [t(29)=−3.4, p=0.004], consistent with the emergence of affect-related withdrawal symptoms during the placebo scan after task completion. Non-smokers reported no change in levels of tension, irritation, or dissatisfaction. Both groups indicated feeling more tired, drowsy, distracted, and hungry at the end of the scan (TIME main effect, Fs>6.2, ps<0.02).
Assessment of smokers' tobacco craving scores indicated nicotine administration was associated with changes in craving. Smokers reported greater levels of craving both during the placebo versus nicotine session [SESSION effect, F(1,29)=5.7, p=0.02] and also after, in comparison to before, scanning [TIME effect, F(1,29)=10.8, p=0.003]. During the nicotine session, higher nicotine plasma concentrations were associated with lower levels of selfreported craving at both pre-[r (29) 
Behavioral measures
Within the smoker group, RTs associated with count reporting (Fig. 2a) were significantly faster during the nicotine (1,428±63 ms), in comparison to the placebo session (1,523±67); t(29)=1.8, p=0.04, one-tailed. However, there was no association between nicotine plasma levels and RT during the active-patch session; r(29)=−0.17, p=0.4. Non-smokers' RTs did not differ between sessions 1 (1,408±58 ms) and 2 (1,350±65 ms), suggesting the absence of a practice effect; t(26)=0.9, p=0.2, onetailed. Similarly, parsing the smokers into two cohorts based on patch order indicated the lack of a practice effect in that group (see supplementary material). No group difference was detected when comparing session-averaged smoker (1,475±58 ms) and non-smoker RTs (1,379± 53 ms); t(55)=1.2, p=0.2, two-tailed.
In parallel with the RT measure, smokers' accuracy ( Fig. 2b) was greater during the nicotine (91.0±2.1%), relative to the placebo session (87.1±2.3%); t(29)=2.0, p= 0.03, one-tailed. However, accuracy was not related to plasma nicotine levels during the active-patch session; r (29)=0.29, p=0.1. Non-smokers' accuracy rates did not differ between sessions 1 (89.2±2.2%) and 2 (89.3±1.6%);t(26)= 0.1, p=0.5, one-tailed. Dividing smokers into two groups again indicated the lack of a practice effect (see supplementary material). No group difference between sessionaveraged accuracy was detected [smokers=89.0±2.0%; non-smokers=89.2±1.6%; t(55)=−0.7, p=0.9, two-tailed].
Imaging results
Task and switch effects Task performance was associated with increased activity in a bilateral network encompassing areas related to WM (Fig. 3) . Task-induced activations were observed notably in medial superior frontal cortex extending into supplemental motor area (msFC/SMA), right and left lateral PFC, and bilateral anterior insula/frontal operculum (aI/fO), putamen, parietal, and cerebellar regions. Substantial task-induced deactivations were also observed in areas consistent with the default-mode network, including rostral-medial PFC, posterior cingulate cortex (PCC), and bilateral parietal, temporal, and parahippocampal regions.
Attention switching was associated with increased activity in a predominately left-lateralized frontoparietal network (Fig. 4) . Switch-induced activity was noted in msFC/SMA, left lateral PFC, left superior parietal, and right superior frontal regions (Table 1 ). These switchrelated regions, showing activation beyond that accounted for by the TASK regressor, presumably subserved the central executive function of attentional switching within verbal WM. In addition, deactivations were also noted in rostral-medial PFC and PCC.
Nicotine and session effects Nicotine-induced changes in brain activation were not detected when comparing the TASK or SWITCH effects between nicotine and placebo conditions, even at the liberal voxel-wise threshold of p< 0.01. An ad hoc analysis failed to identify any TASK-or SWITCH-related brain regions correlated with nicotine plasma levels. In the non-smoker group, no differences between sessions 1 and 2 were detected with respect to the TASK or SWITCH effects.
Smoker versus non-smoker effect Comparison of the TASK effect between smokers and non-smokers (controlling for age, gender, and RT) suggested differences in brain activation related to WM control operations. Smokers showed greater activation in msFC, left and right anterior PFC, and right aI/fO (Fig. 5, Table 2 ). Activity from these ROIs was extracted and Fig. 2 Nicotine altered gross behavioral measures. a During the nicotine session (gray), smokers' RTs (ms) were faster relative to the placebo session (black), *p<0.05, one-tailed. Within the non-smoker group (no patches administered, open bars), there was no significant RT difference between session 1 (s1) and 2 (s2). b During the nicotine session, smokers' count reports were more accurate (% Correct) than under placebo, *p<0.05, one-tailed. No difference in accuracy rates were detected between non-smokers' session 1 and 2 Fig. 3 Tonic neural activity. TASK blocks were associated with bilateral activation (red scale) notably in msFC/SMA, lateral PFC, aI/fO, and parietal regions. Substantial deactivations (blue scale) were observed in rostral-medial PFC, PCC, and temporal regions. See supplementary information for complete list examined for nicotine and practice effects (Fig. 5, middle) . Similar to the whole-brain analyses above, no drug or practice effects were detected. Correlation analyses between ROI activity and number of years smoking (Fig. 5, right) indicated that right aI/fO activation was negatively related to duration of smoking [r(29)=−0.46, p=0.01], i.e., the longer participants reported smoking, the closer their insula activation levels were to those of non-smokers. Negative correlations between lifetime usage (packs per day×number of years smoking) and task-related activity were also detected for right aI/fO [r(29)=−0.4, p=0.03] and right anterior PFC [r(29)=−0.38; p=0.04]. Activity from none of the ROIs was correlated with Fagerström scores (rs<0.25, ps>0.2). No SWITCH effect differences were observed between smokers and non-smokers.
Discussion
This study examined the impact of acute nicotine administration and chronic smoking on WM-related operations using a mixed block/event-related fMRI paradigm that allowed for the dissociation of tonic (TASK) and phasic (SWITCH) BOLD signal changes. Consistent with the known pharmacological effects of nicotine, active-patch administration resulted in increased heart rate, elevated selfreported mood, decreased levels of tobacco craving, and improvements in gross measures of behavioral performance 1 . However, no nicotine (state-like) effects within the smoker group were detected when comparing activity associated with either the TASK or SWITCH regressors. In contrast, smokers versus non-smokers (trait-like effect) showed greater sustained activation throughout TASK performance in msFC, right aI/fO, and bilateral anterior PFC (aPFC); activity which was not modulated by acute nicotine administration.
Task and switch effects
Following and expanding on the work of Garavan and coworkers (Garavan et al. 2000; Kübler et al. 2003 Kübler et al. , 2005 , the CEFER task was designed to isolate one precisely defined central executive function, attentional switching. The displacement and reallocation of attentional resources from the currently available count (i.e., the one updated on the previous trial) to the one outside of focus (i.e., the one simply maintained on the previous trial) confers a sizeable "cognitive cost" in comparison to when no such switch is required (Garavan 1998) . While multiple bottom-up (e.g., repetition effects) and top-down processes (e.g., central executive operations) contribute to this switch cost (Gehring et al. 2003) , it has been viewed as an indication that people do not have immediate and simultaneous access to all items in WM. Thus, on switch trials, an internal focus of attention is considered to be shifted from one count to the other. The task is thought to provide a probe of executive functions isolated from general WM operations since storage and rehearsal demands are held constant across trials and the pertinent manipulation relates to attentional switches (Garavan et al. 2000) .
Neural correlates of executive control functions appeared to be dissociable from general task and/or WM operations. Task performance was associated with sustained bilateral activation, notably in msFC/SMA, aI/fO, lateral PFC, and parietal cortices. These activations are presumably related to global cognitive processes required by the task (e.g., 1 While nicotine-induced alterations in behavioral performance were observed, these gross measures collected at the end of the counting blocks are unlikely to be useful indices of the trial-to-trial dynamics associated with attentional switching, but rather may reflect nonspecific effects on motoric responding or psychomotor speed. Fig. 4 Phasic neural activity. SWITCH trials were associated with activation (red) in a predominantly left-lateralized network consisting of msFC/ SMA, left lateral PFC, left superior parietal, and right superior frontal regions. Switch-induced deactivations (blue) were noted in rostral-medial PFC and PCC. Numbering corresponds to that shown in Table 1 maintaining task rules, attending to stimuli, updating count values, and count rehearsal) and not specifically to the central executive function of attentional switching. A similar frontoparietal co-activation has been repeatedly associated with WM performance and top-down attention (Cabeza and Nyberg 2000; Corbetta and Shulman 2002; Kübler et al. 2003; Naghavi and Nyberg 2005; Owen et al. 2005) . In addition to these activations, substantial deactivations were observed in rostral-medial PFC, PCC, and bilateral parietal, temporal, and parahippocampal regions. These deactivations encompass regions belonging to the "default system" (Buckner et al. 2008 ) and may reflect the suppression of spontaneous self-generated mental activity (Gusnard et al. 2001 ) during counting blocks. Such sustained activations and deactivations have been commonly observed in mixed fMRI paradigms (Dosenbach et al. 2006) and recapitulate results from a functional connectivity study demonstrating two anti-correlated networks in the resting brain (Fox et al. 2005) . The current activations strongly overlap with the "task-positive" network, and the deactivations with the "task-negative" network, described by Fox and colleagues (2005) .
Switch trials, in contrast, were associated with increased phasic activity in a predominantly left-lateralized network consisting of msFC/SMA, left lateral PFC, and left superior parietal areas. These brain regions, showing transient switchrelated signal changes, reflect the putative neural correlates of attention shifting, one tractable function of the central executive. Previous studies employing separate block and/or event-related designs have also identified a frontoparietal set of cortical regions related to attentional shifts in WM (Garavan et al. 2000; Kübler et al. 2003 Kübler et al. , 2005 Li et al. 2004; Sylvester et al. 2003 ), but were not able to decompose tonic and phasic aspects of neural activity.
While traditional views of executive functioning have focused on the frontal lobes, the emerging perspective is that such operations are associated with a distributed frontoparietal network (Collette and Van der Linden 2002) . Based on results from neuroimaging studies parametrically manipulating switching frequency within blocks, Garavan and coworkers have argued that attentional switching recruits the entire WM network (Garavan et al. 2000; Kübler et al. 2003 Kübler et al. , 2005 . In fact, when using a block design to assess attentional switching within and between verbal and visuospatial WM, extensive bilateral activations were observed with minimal differences across modalities (Kübler et al. 2003) . The frontoparietal activity reported here is generally consistent with previous studies, further suggesting that attentional switching is instantiated by a distributed neuroanatomy as opposed to a specific and unique locus. However, the current results deviate from previous ones in that switch-related activity was predominately left-lateralized as opposed to bilateral. Tasks involving verbal WM have been associated with left hemispheric activations, whereas visuospatial WM has typically been related to the right hemisphere (Baddeley 2003; Smith et al. 1996) . As such, it is suggested that the current mixed design may have advantages over previous parametric block designs with respect to isolating neural correlates of executive functioning from general task operations.
Nicotine's effect on neural correlates of WM Nicotine did not appear to augment neural activity associated with executive control (SWITCH effect) or general WM operations (TASK effect). The lack of a nicotine effect, beyond the amelioration of withdrawal, is consistent with most (Barr et al. 2008; Ernst et al. 2001a, b; Kleykamp et al. 2005; Myers et al. 2008 ), but not all (Kumari et al. 2003) , studies assessing the WM-enhancing properties of nicotine in minimally and non-deprived smokers, and non-smokers. Numbering corresponds to that shown in Fig. 4 B bilateral, L left, R right Fig. 5 Task-related smoker versus non-smoker differences. During TASK blocks, smokers showed greater activation in msFC, left and right aPFC, and right aI/fO (left; see also Table 2 ). Activity from these functional regions of interest was not modulated by nicotine or practice effects (middle). Correlations between ROI activity and number of years smoking (right) indicated that the longer participants reported smoking, the closer their right insula activation levels came to those of non-smokers (right, bottom)
More protracted periods of smoking deprivation (>12 h) than assessed herein impair WM performance with smoking, nicotine, or varenicline ameliorating such deficits (Ernst et al. 2001a; Jacobsen et al. 2005; Jacobsen et al. 2007; Mendrek et al. 2006; Patterson et al. 2009; Xu et al. 2005) . On the other hand, nicotine administration following abstinence has been reported to produce null effects (Myers et al. 2008) and to even impair deprived-smokers' WM abilities (Greenstein and Kassel 2009; Jacobsen et al. 2004) . Shedding light on these behavioral inconsistencies, a growing literature on the functional neuroanatomy underlying abstinence effects indicates smoking deprivation decreases efficiency in brain regions associated with WM, including ACC, lateral prefrontal, and parietal cortices (Ernst et al. 2001a; Jacobsen et al. 2007; Xu et al. 2005) . Furthermore, smoking (Xu et al. 2006) , nicotine (Ernst et al. 2001a) , and varenicline appear to attenuate these deprivation-induced regional alterations. Imaging investigations stratified by specific genetic polymorphisms have also led to the emerging appreciation that inconsistencies in behavioral results may not only arise from methodological differences (e.g., task specifics, nicotine dose/route of administration) but also from genetic variations among participants modulating the impact of abstinence ) and nicotine (Jacobsen et al. 2006 ) on WM-related brain regions. Thus, the emerging view is that abstinence likely results in impaired WM performance and altered regional brain activity which can be reversed by nicotine or nicotinic analogues, an effect that may contribute to the perpetuation of smoking behaviors (Patterson et al. 2010) .
Less clear are the cognitive enhancing properties of nicotine beyond withdrawal reversal in the WM domain. For instance, nicotine-induced improvements in n-back performance have not been detected when assessing ex- (Ernst et al. 2001a) or never-smokers (Ernst et al. 2001b; Kleykamp et al. 2005) . Additionally, task dissociations in both non-deprived smokers (Myers et al. 2008 ) and nonsmokers (Barr et al. 2008 ) have demonstrated null effects on WM performance in the face of nicotine-induced behavioral improvements in sustained attention tasks. In contrast, Kumari and co-workers (2003) showed that subcutaneous nicotine to never-smokers improved n-back performance and increased activity in ACC and frontoparietal cortices. However, Lawrence and colleagues (2002) suggested that nicotine-induced behavioral alterations, albeit in another task domain (sustained attention), resulted from increased activation in posterior cortical and subcortical regions presumably related to visual attention rather than modulation of frontal regions subserving WM operations. In fact, it has been proposed that positive effects of nicotine on WM, such as those reported by Kumari et al. (2003) , may be mediated by attentional enhancement rather than true mediation of WM operations (Newhouse et al. 2004; Warburton and Rusted 1993) . Nicotine-induced WM enhancement may only be observed in situations involving high attentional demands or in participants already performing sub-optimally because of nicotine abstinence or disease states (Newhouse et al. 2004) .
Indirect support for the notion that nicotine does not affect the central executive component of WM assessed herein comes from a series of reports by Rusted, Marchant, and co-workers identifying a pharmacological dissociation between attentional switching and another psychological construct, prospective memory (i.e., remembering to perform delayed intentions). Specifically, these researchers suggest that nicotine does not modulate attentional switching but improves measures of prospective memory, whereas the psychostimulant modafinil appears to improve attentional switching but produce no effect on prospective memory (Marchant et al. 2008 Rusted et al. 2005 Rusted et al. , 2009 . The current results and extant literature support the interpretation that nicotine provides minimal or no cognitive benefit, other than withdrawal reversal, on central executive or general WM-related operations.
A useful heuristic framework to understand nicotine's cognitive enhancing properties comes from Posner and colleagues (Posner and Petersen 1990) who suggested that aspects of attention can be fractionated into three rather independent domains (Fan et al. 2002) and linked to spatially and neurochemically dissociable brain networks (Fan et al. 2005) . These aspects of attention are related to (1) alerting operations, associated with thalamic, frontal, and parietal regions and mediated by the norepinephrine system (Fan et al. 2002) ; (2) orienting functions involving frontal and parietal areas impacted by acetylcholine transmission (Posner and Rothbart 2007); and (3) executive control processes associated with medial and lateral PFC and influenced by dopaminergic functioning (Fan et al. 2005) . Previously, nicotine administered to minimally has been shown to modulate alerting and orienting aspects of cognition as assessed by a rapid visual information processing task (Lawrence et al. 2002 ) and a visuospatial orientation task (Hahn et al. 2007) , respectively. In the current study, no nicotine-induced changes in brain activation were detected when probing executive control operations. Based on these three reports, we suggest that the beneficial effects of nicotine may be specific to alerting and orienting aspects of attention and do not generalize to control operations. To address this conjecture, it is of interest to assess the impact of nicotine on these aspects of cognition within a single imaging task (Fan et al. 2002) similar to investigations with mecamylamine (Thienel et al. 2009a ) and scopolamine (Thienel et al. 2009b ).
Smoker versus non-smoker effect
The neural consequences of an extended smoking history appeared to be increased sustained activation in msFC, right aI/fO, and bilateral aPFC throughout task performance. These increased activations were identified using age as a covariate, suggesting that, although the smokers as a whole were slightly older than the non-smokers (p=0.08), agerelated increased recruitment of prefrontal regions (Cabeza et al. 2004 ) was unlikely to fully account for group differences.
Another possible interpretation of this activity enhancement is that smoking participants were less efficient at mobilizing cognitive resources required for task completion necessitating the recruitment of additional WM and supervisory control areas (i.e., compensatory activation). Consistent with this position, reduced gray matter volume and/or density in regions associated with WM operations have been detected in smokers (Brody et al. 2004) . Recent work by Dosenbach and colleagues employing metaanalyses of mixed fMRI designs (Dosenbach et al. 2006) , resting state functional connectivity assessments (Dosenbach et al. 2007) , and network connectivity approaches (Dosenbach et al. 2008 ) has identified a network consisting of msFC, aI/fO, and aPFC that displays sustained activation over the duration of task blocks. This network is thought to be related to the deployment and maintenance of capacitylimited cognitive resources involved with supervisory control operations that instantiate the rules of association between stimuli and responses (Sakai 2008) . Smokers' increased sustained activity in this cingulo-opercular-aPFC network may thus reflect the need for increased cognitive resources necessary to guide goal-directed behavior during task performance.
A third, more speculative interpretation of the increased activations observed in the smoker group is that such activity may be a manifestation of an additional ongoing cognitive process not present in the non-smokers. Specifically, others have suggested that ruminative drug-related thoughts activate a WM-like cortical network (Bonson et al. 2002; Kübler et al. 2005 ) and that such a tonic cognitive process may negatively impact WM capacity and hence performance (Hester and Garavan 2009 ). We hypothesize that the greater sustained activation in bilateral aPFC, near the junction of BA 10/46, is consistent with such ruminative thoughts. Similar aPFC activations have been observed during task switching (Braver et al. 2003; Kübler et al. 2003) , in tasks requiring the integration of sub-task processing outcomes with information stored in WM (De Pisapia and Braver 2008; De Pisapia et al. 2007) , and during prospective memory operations (Reynolds et al. 2009; Simons et al. 2006 ). Koechlin and colleagues (1999) speculated that aPFC may be important for planning and reasoning, particularly when exogenous or endogenous stimuli (e.g., intrusive thoughts) interrupt task performance. More recently, De Pisapia and Braver (2008) proposed that a region of left aPFC, almost identical in anatomical location to that observed here, may be related to the maintenance of task-relevant information and protection of that information from sub-task interference. The increased aPFC activity observed here may thus reflect increased WM control processes associated with the maintenance of task-relevant information and its protection from internally generated intrusive thoughts related to tobacco and/or prospective memory operations associated with future smoking intentions. Smokers may have been "cued" to experience such intrusive thoughts as they were queried about tobacco cravings while lying in the scanner immediately before task onset. Although we observed no behavioral differences between groups, compromised WM capacity due to ruminative drug-related thoughts could be one potential explanation of decreased WM performance in smokers noted in previous studies (Ernst et al. 2001b; Greenstein and Kassel 2009; Jacobsen et al. 2005 Jacobsen et al. , 2007 .
It is also noteworthy that similar regions to those showing greater sustained activation in the smoker group have previously been related to craving and urges to smoke. For instance, positive correlations between self-reported craving and activity in dorsal medial PFC and aPFC have been reported (McClernon et al. 2005 (McClernon et al. , 2009 . With respect to the insula, damage to this region has been associated with sudden and sustained smoking cessation and an absence of urges to smoke after quitting (Naqvi et al. 2007) . Imaging studies have demonstrated that insula activity is correlated with self-reported smoking urges (Brody et al. 2002 ) and higher right insula activity during a simple decision-making task is associated with an increased propensity for drug relapse (Paulus et al. 2005) . The view that insula is involved with the subjective awareness of bodily sensations is consistent with these observations (Craig 2009 ). The negative correlation between right insula activation and number of years smoking indicates that the longer participants reported smoking, the closer their activation levels were to those of non-smokers. This observation suggests that those who become regular smokers may be predisposed to habitual tobacco use and that over the course of time, approach normative levels, consistent with a self-medication hypothesis (Evans and Drobes 2009) . That is, smokers may begin to smoke to down-regulate elevated insula activity.
Taking a reductionist approach, we examined the extent to which a contemporary model of WM functioning could provide a framework for understanding the short-and longterm consequences of nicotine use. Employing a mixed block/event-related fMRI paradigm and a concurrent counting span task, neural correlates of executive control functioning were able to be dissociated from general WM operations. This fMRI design may be better able to isolate central executive functions than previously employed methodologies. Nicotine did not appear to augment neural correlates of executive control or general task operations. A working hypothesis to guide future research, synthesized from the results of the current and methodologically compatible studies, is that the cognitive-enhancing properties of nicotine may be specific to alerting and orienting domains of attention and may not generalize to executive control operations. Finally, increased frontal activation in brain regions previously associated with the deployment of cognitive resources and WM control was identified as neural consequence of an extended smoking history. We speculate that smokers may experience higher WM demands during task performance as a result of intrusive thoughts related to smoking.
